Abstract. Conflicts between optimality and sustainability are typical in the literature on sustainable development. Using the ''capital-resource'' growth model, Pezzey and Withagen (1998, Scandinavian Journal of Economics 100 (2), 513-527) have proved that if natural resources are exhaustible, the time-path of consumption is single-peaked, declining from some point in time onwards. This paper extends the model to include technical progress, resource renewability, extraction costs and population growth. The main result is that, for any constant returns to scale technology, optimal paths can be sustainable only if the social discount rate does not exceed the sum of the rates of resource regeneration and augmentation. The development of resource-saving techniques is crucial for sustaining consumption per capita in the long run, whereas capital depreciation and extraction costs are neutral with respect to this sustainability condition.
Introduction
The topic of sustainable development (SD) has become a stimulating research field for economic theorists as well as a major concern for policymakers. The general notion of SD is that of a path implying non-decreasing welfare for future generations, and a crucial objective of economic analysis is to derive necessary conditions for sustainability. In this paper we study sustainability conditions in the ''capital-resource'' model of optimal growth pioneered by Dasgupta and Heal (1974) and Stiglitz (1974) . Conflicts between optimality and sustainability are typical in this framework: Pezzey and Withagen (1998) have recently proved that the optimal consumption path is ''single-peaked'', i.e. it declines monotonically from some point in time onwards, in a model with static technology and non-renewable natural capital. This paper considers a more general model that includes resource renewability, technical progress, man-made capital depreciation, population growth and extraction costs. The main result is that, for any constant-returns-to-scale technology, the asymptotic rate of growth of consumption per capita is negative when the social discount rate exceeds the rate of resourceaugmenting technical progress plus the rate of resource regeneration. Manmade capital depreciation and extractions costs are neutral with respect to this critical condition, which is necessary for SD along optimal paths. A similar result is derived for the case of Cobb-Douglas technology and inelastic labor supply: the critical condition emphasizes the role of decreasing returns to scale versus resource-saving techniques, and generalizes previous results by Stiglitz (1974) .
The plan of the paper is as follows: Section 2 describes the capital-resource model and derives sustainability conditions assuming constant returns to scale and resource-augmenting technical progress; Section 3 considers CobbDouglas technology and Hicks-neutral technical progress; Section 4 concludes.
Optimal Growth and Sustainable Development
After the oil shocks of the 1970s, an important strand of theoretical literature analyzed the role of exhaustible resources in economic growth when ''natural capital'' is an essential input in the production process (Dasgupta and Heal 1974; Solow 1974; Stiglitz 1974) . Several authors analyzed sustainability, extending the standard Ramsey growth model to include both natural resources and conventional ''man-made capital'' in the aggregate production function (Krautkraemer 1985; Heal 1998) . In this framework, Dasgupta and Heal (1974) have shown that, along the optimal path, consumption is bound to decrease in the long run, assuming a constant elasticity of substitution between man-made capital and non-renewable natural resources.
Subsequent research has pointed out that conflicts between optimality and sustainability are typical in ''capital-resource'' economies: considering a static technology with constant returns to scale, Pezzey and Withagen (1998) have recently proved that if natural resources are exhaustible, the time-path of consumption is single-peaked, declining from some point in time onwards. This result does not consider resource renewability, man-made capital depreciation, population growth, extraction costs and technological progress: these elements have an impact on individual consumption, and prospects for sustainability may be altered substantially. We address this point by considering a more general model where conventional capital depreciates, resources are renewable, extraction is costly, and the productivity of natural capital is improved by the development of resource-saving techniques.
